Antimicrobial activity of nineteen neo-clerodane diterpenoids, isolated from the acetone extracts of the aerial parts of Scutellaria and Salvia species (Lamiaceae) were tested against thirteen strains belonging to nine different species of pathogenic and food spoilage bacteria Aeromonas hydrophila, Bacillus cereus, Escherichia coli, Listeria monocytogenes, Proteus vulgaris, Pseudomonas aeruginosa, Pseudomonas fluorescens, Salmonella abony and Staphylococcus aureus as well as against two yeast strains belonging to species Candida albicans. Seven of the evaluated compounds scutalpin A, scutalpin E, scutalpin F, salviarin, splenolide A, splenolide B and splendidin demonstrated antimicrobial activity against used test microbial strains, the rest of the compounds were inactive within the studied concentration range. Among all of the tested compounds the highest antimicrobial activity was detected for scutalpin A against Staphylococcus aureus (MIC 25 µg/mL).
Natural neo-clerodane diterpenoids have attracted constant interest because of their biological properties, especially as insect antifeedant [1, 2] and antifungal [3] agents. The antifeedant activity of the compounds with a neo-clerodane skeleton (1) ( Figure 1 ) have been ascribed to some structural features of the molecules. Kojima and Kato underlined that the presence of the tetra-or hexahydrofuro-[2,3-b]-furan substructure 1a or 1b in the skeleton, comprising carbons C-11 -C-16, is the accountable site for significant activity [4] . Other authors assign the activity to the decalin ring with C-4-C-18 spiroepoxide and two acetate groups at positions C-6 and C-19 (2) [5] [6] [7] . 1 X-Y 2 1a: HC=CH 1b: H 2 C-CH 2 Figure 1 : Neo-clerodane skeleton (1), tetrahydrofurofuran (1a) and hexahydrofurofuran (1b) substructures, decalin moiety (2) To the best of our knowledge, only Cole et al. [3] have studied the activity of clerodin (3), jodrellin A (4) and jodrellin B (5) ( Figure 2 ) against the plant pathogenic fungi Fusarium oxysporum and Verticillium tricorpus. Antimicrobial activity of neo-clerodane diterpenoids lupulins A-C (6-8), isolated from Ajuga lupulina, against various Gram-positive and Gram-negative bacteria has also been published [8, 9] . All mentioned compounds (3-8) contain either fragments 1a or 1b. Neo-clerodane diterpenoids with a furane moiety in the C-11 -C-16 substructure (divinatorins A-C, isolated from Salvia divinorum) have been tested for antimicrobial action, but neither the crude extract nor the diterpenoids themselves displayed any activity [10] . Unfortunately, it is almost impossible to compare these results, because different test microbial cultures and different methods for antimicrobial testing were applied.
The aim of the present study was to evaluate, for the first time, the inhibitory action of natural clerodanes (Figure 3 ), isolated in our laboratory from Lamiaceae species of the genera Scutellaria and Salvia, against different pathogenic and food spoilage bacteria and yeasts, and to clarify the influence of the chemical structures of these studied compounds on their antimicrobial activity. All tested compounds are diterpenoids with a neo-clerodane (1) basic skeleton, but from a structural point of view they could be divided into three groups (I-III), which are distinguished by the C-11-C-16 substructure, substituted to C-9. In the first group (I) (diterpenoids from 9 to 20) compounds contain an unsaturated furofuran moiety. The exception is 19, where the structure is dehydrated leading to a double bond between C-14 and C-15. Clerodanes 9, 10, 12, and 20 are substituted at C-15 forming a C-15 -C-16 acetal function for 9 and hemiacetals for the rest. All diterpenoids in group I display a C-4-C-18 spiroepoxide, an acetate group at C-6 and, except 20, a 2α,19-hemiacetal or acetal functionality in the decalin ring. In compounds 14-17 there is, in addition, a substituent at either C-1 or C-3. The carbons C-13-C-16 in the diterpenes from II (21-23) are involved in a -lactone 13spiro, bound up with a tetrahydropyran ring including C-8. Additionally, C-13 exists in two configurations R and S. The separate compounds differ by the substituent at C-6. Group III covers four furo-neo-clerodane-dilactones 24-27 with the same skeleton, but different substitutents at positions 1 and 11.
Antimicrobial activities of nineteen different neo-clerodane diterpenes (Figure 3 .) isolated from Scutellaria galericulata L., S. alpina L., S. altissima L. and Salviа splendens Ker.-Gawl. were determined against fifteen strains belonging to some of the most abundant food spoilage and human pathogenic bacteria and yeasts. Seven of the evaluated compounds scutalpin A (21) , scutalpin E (22), scutalpin F (23), salviarin (24), splenolide A (25), splenolide B (26) and splendidin (27) demonstrated antimicrobial activity against the used test microbial strains, but the rest of the compounds were inactive within the studied concentration range. The MIC values of compounds which showed antimicrobial activities are given in Table 2 . Based on these results it could be assumed that the tetra-or hexahydrofuro-[2,3-b]-furan substructures are not responsible for antibacterial and anticandidal activity. Compounds with a furan moiety in substructure C-11 -C-16 exhibited moderate activity. Based on the obtained results it could be concluded that the different types of biological activities are due to different parts of the chemical structures and for this reason there is no correlation between antimicrobial, antifungal and antifeedant activity for any one of the studied compound. As seen among the antimicrobially active compounds, scutalpin A was characterized by the strongest antibacterial and anticandidal activity, followed by scutalipn E and scutalpin F, salviarin and splenolide A, splenolide B and splendidin. Very likely the spiro conjugated -lactone is responsible for the higher antimicrobial activity of compounds 21-23 in comparison with compounds 24-27 containing a furane ring. Compounds 21-23 differ by the substituent at C-6. The most active compound, scutalpin A, which contains methylbutyrate at C-6, demonstrated higher activity in comparison with scutalpin E and scutalpin F, which contain tiglate and acetate ester, respectively. Compounds 24-27 are characterized by almost equal antimicrobial activity, which means that the type of substituent at C-1 and C-11 seem have no effect on the antimicrobial activity of these compounds.
In the present study, for the first time, it was determined that different types of biological activities of neo-clerodane diterpenoids from Scutellaria and Salvia are due to different types of chemical structures and for this reason there is no correlation between the antimicrobial, antifungal and antifeedant activity of these compounds. Antimicrobial activity of neo-clerodane diterpenoids Natural Product Communications Vol. 10 (11) 2015 1799
Experimental Test compounds: All tested neo-clerodane diterpenoids (Figure 1) were taken from previous work: Scupolin I (9), scutaltisin A (10),scutaltisin B (11), scutaltisin D (12), scutecyprin (13) , scupolin H (19) and scutecyprol A (20) were isolated from Scutellaria altissima, as described previously [13, 14] . Neoajugapyrin A (14), 14,15-dihydrojodrellin T (15), scutegalerin A (16), scutegalerin B (17) and scutecolumnin C (18) were extracted from S. galericulata [15, 16] . The diterpenoids scutalpin A (21) , scutalpin E (22) and scutalpin F (23) were obtained from S. alpina [17, 18] . Salviarin (24), splenolide A (25), splenolide B (26) and splendidin (27) were isolated from Salviа splendens (L.) Ker.-Gawl. [19] . Aeromonas hydrophila (food spoilage isolate) (sources given in Table 1 ). Additionally, antimicrobial testing against two strains of Candida albicans (ATCC 10231 and one clinical isolate) was performed. The bacterial strains were isolated from spoiled cooled food products, as described in [20] . Both yeast strains were kindly supplied by the National Reference Laboratory of Mycology at the National Center for Infectious and Parasitic Diseases, Sofia, Bulgaria. All strains were deposited in the Microbial Culture Collection of the Department of Biochemistry and Microbiology (University of Plovdiv, Bulgaria). The bacterial strains were stored on Nutritional Agar (NA, HiMedia Ltd., India) and the yeast strains on Sabouraud Dextrose Agar with chloramphenicol (SDA, HiMedia Ltd.).
Stock solutions of the samples for antimicrobial testing were prepared by dissolving the respective compound in 2% DMSO (Sigma-Aldrich Co.). Antibacterial activity of the studied compounds was performed according to the Clinical Laboratory Standard Institute (CLSI) M7-A7 reference method for dilution antimicrobial susceptibility tests for bacteria that grow aerobically [21] . Anticandidal activity of the studied compounds was performed according to CSLI M27-A3 reference method for broth dilution antifungal susceptibility testing of yeasts [22] . Briefly, stock solutions were added to the RPMI1640 broth medium buffered to pH 7.0 with 0.165 mol L -1 MOPS buffer (3-N-morpholinopropanesulfonic acid, Sigma-Aldrich, Co) to reach dilutions with final sample concentrations, after inoculation with microbial test suspension, between 800 and 25 μg/mL. Controls consisting of inoculated medium without tested sample and without DMSO, as well as with DMSO were also prepared. The DMSO concentration in the broth dilution assay was low to keep the effect on microbial growth to a minimum. Antimicrobial activity determined by broth microdilution tests was expressed as Minimal Inhibitory Concentration (MIC) in µg/mL. MIC was defined as the lowest concentration of the tested compound at which total inhibition of microbial growth was detected. All tests were performed in triplicate.
